Long-term carbon cycling is a subject of recent controversy as new mass balance calculations suggest that most carbon is transferred from the slab to the mantle wedge by fluids during subduction, limiting the efficiency of carbon recycling to the deep mantle. Here, we examine the large scale mobility of carbon during subduction using new isotopic tracers sensitive to H-C-O-S-Cl fluids, namely iron and zinc stable isotopes, in samples interpreted to represent residual slab (Queyras, Western Alps) and sub-arc mantle (Kohistan, Himalaya). We show that during subduction there are several stages of carbonate precipitation and dissolution at metasomatic interfaces between metasedimentary and ultramafic rocks in the slab. During the early stages of subduction, before the slab reaches the 300-400 C isotherms, the infiltration of sediment-derived fluids into ultramafic lithologies enhances carbonate precipitation in antigorite-bearing serpentinites. Carbonate storage in serpentinites, therefore, acts as a temporary reservoir of carbon in subduction zones. This episode is accompanied by a decrease in serpentinite iron isotope composition (d 56 Fe), due to interaction with low-d 56 Fe sediment-derived fluids, and an increase in the concentrations of fluid-mobile elements (e.g. B, Li, As). At higher temperatures (> 400 C), carbonate is leached from the serpentinites by fluids. This is accompanied by a decrease in serpentinite zinc isotope composition (d 66 Zn) which we interpret as the release of a carbonate-bearing fluid with an isotopically heavy d
INTRODUCTION
The long-term carbon cycle on Earth has been linked to the rise of O 2 in the atmosphere during the Great Oxidation Event at $ 2Á5 Ga (e.g. Catling & Claire, 2005; Catling, 2012; Lyons et al., 2014; Duncan & Dasgupta, 2017) and to the appearance and evolution of life over geologic time (e.g. Sleep et al., 2011; Schrenk et al., 2013) . On modern Earth, the extraction of carbon from the mantle to the surface mainly occurs at mid-oceanic ridges and subduction zones through partial melting and magmatic degassing processes (e.g. Ballhaus & Frost, 1994; Stagno et al., 2013; Poli, 2015) . It is widely considered that between 20 to 80% of the carbon is then recycled into the deep mantle by subduction (Gorman et al., 2006; Dasgupta & Hirschmann, 2010; CookKollars et al., 2014; Collins et al., 2015) . However, recent mass balance calculations suggest that most (up to 100%) of the carbon budget of the subducting oceanic lithosphere could be transferred from the slab to the mantle wedge by fluids (Kelemen & Manning, 2015) , calling for a re-appraisal of carbon fluxes in subduction systems.
Carbon uptake in oceanic lithosphere mainly occurs during its alteration by hydrothermal fluids. Indeed, seafloor lithologies, such as ophicarbonates, sediments and dredged mafic and ultramafic rocks, commonly display high carbonate concentrations (up to 3 wt % carbon) relative to pristine mantle peridotites (30 ppm, Dasgupta & Hirschmann, 2010) and are thus considered to be important reservoirs of carbon in the oceanic lithosphere (e.g. Alt & Teagle, 1999; Delacour et al., 2008; Alt et al., 2013; Kelemen & Manning, 2015) . During subduction, numerous studies have shown that carbonates are soluble in aqueous fluids at relatively low temperatures (e.g. Caciagli & Manning, 2003; Frezzotti et al., 2011; Facq et al., 2014; Milesi et al., 2015) suggesting that, providing hydrous fluids are involved, slab decarbonation should be highly efficient and occur at relatively shallow depths (between 60 to 90 km depth; Gorman et al., 2006; Bouilhol et al., 2012; Kelemen & Manning, 2015) . However, the existence of carbonated meta-basalts, meta-sediments and meta-ultramafites observed away from zones of intense fluid circulation and deformation (e.g. shear zones, veins, fractures) in Alpine meta-ophiolites suggests that slab-derived lithologies may retain a significant part of their carbon during subduction, at least away from major pathways of slab fluid release (Cook-Kollars et al., 2014; Collins et al., 2015) . In addition, the presence of graphite in blueschist facies metasedimentary rocks, which has been interpreted in terms of carbonate reduction reactions taking place in the upper slab (Galvez et al., 2013) , suggests that carbon initially released as carbonate in slab fluids may also reprecipitate in the upper part of the slab or at the slab/mantle interface without being transferred directly to the overlying mantle. Although the effect of late retrograde carbonation during massif exhumation remains sometimes unclear (e.g. Piccoli et al., 2016; Vitale-Brovarone et al., 2017) , the abundance of marble (Piccoli et al., 2016; Scambelluri et al., 2016) and carbonate rocks (Kerrick & Connolly, 1998; Ague & Nicolesu, 2014; Debret et al., 2016a) in various blueschist or eclogitic meta-ophiolites also suggests that a significant part of the carbon budget of the slab remains immobile during prograde metamorphism. It has, therefore, been proposed that simple decarbonation reactions do not allow a major transfer of carbon from the subducted oceanic lithosphere to the mantle wedge and that other processes, such as the dissolution and leaching of carbonates from the upper slab or the slab/mantle wedge interface by external fluids, must also be considered (Frezzotti et al., 2011) .
Serpentinites comprise a major part of the subducting oceanic lithosphere hydrated near the seafloor at slow or ultra-slow spreading ridges (Canales et al., 2000; Andreani et al., 2007; Debret et al., 2013b) or during slab-bending (Ranero et al., 2003; Ranero & Sallares, 2004) , and are also present as part of the down-dragged slab-wedge interface or mantle wedge that is percolated by aqueous fluids emanating from the dehydrating slab (e.g. Hattori & Guillot, 2007; Reynard, 2013) . Serpentinites are thus ubiquitous in subduction zones. Due to their large P-T stability field, they are stable down to depths of $120-150 km and are considered to be the major source of aqueous fluids released from the slab to the mantle wedge (Ulmer & Trommsdorff, 1995) . Because total carbon solubility increases as fluid CO 2 activity (aCO 2 ) decreases (Gorman et al., 2006) , the large amount of fluids released during serpentinite dehydration can trigger extensive leaching of carbonbearing phases, potentially removing all carbon from the downgoing plate and transferring it to the mantle wedge (Kelemen & Manning, 2015) . However, little is known about the fate of this mobilized carbon, and whether these C-bearing fluids efficiently separate from the slab and slab/mantle wedge interface.
Non-traditional stable isotopes (e.g. Fe, Zn) provide key constraints on elemental mobility and mass balance, as equilibrium stable isotope fractionation between different phases (such as serpentine minerals, Fe-oxides, sulfides, carbonate and fluids) is driven by contrasts in element bonding environment and oxidation state (Polyakov & Mineev, 2000; Schauble et al., 2001; Fujii et al., 2010 Fujii et al., , 2014 . Theory predicts that equilibrium stable isotope fractionation decreases with increasing temperature (1/T 2 ) (Urey, 1947; Schauble, 2004) . Nonetheless, high-precision Fe and Zn stable isotope measurements have shown that both of these systems are sensitive to high-temperature petrogenetic processes, such as mantle melting (Williams et al., 2004 (Williams et al., , 2005 (Williams et al., , 2009 Weyer et al., 2005; Weyer & Ionov, 2007; Dauphas et al., 2014; Williams & Bizimis, 2014; Nebel et al., 2015; Doucet et al., 2016; Konter et al., 2016; Sossi et al., 2016) , igneous differentiation (Teng et al., 2008 Schuessler et al., 2009; Telus et al., 2012; Chen et al., 2013; Nebel et al., 2015; Sossi et al., 2016) and for Fe, changes in redox state (Williams et al., 2004; Dauphas et al., 2009) . More recently, Fe and Zn isotopes have been used to trace the mobility of Fe and oxidizing sulfate (SO X ) species during the prograde devolitization of the subducted slab (Debret et al., 2016b; Pons et al., 2016; Inglis et al., 2017) . Indeed, theory predicts that Fe mobility, and thus Fe isotopic fractionation, will be driven by the presence of Cl -, SO 2À 4 and CO 2À 3 anions, which preferentially complex isotopically light iron (Hill & Schauble, 2008 , Hill et al., 2010 Fujii et al., 2014; Dauphas et al., 2017) . Given that these elements are ubiquitous and these complexes abundant in fluids derived from serpentinites (e.g. Scambelluri et al., 2004 Scambelluri et al., , 2015 Debret & Sverjensky, 2017) and sedimentary rocks (e.g. Garofalo, 2012) , Fe isotopes can, therefore, be used as potential tracers of volatile cycling in subduction zones. Zinc mobility in fluids is particularly sensitive to the presence of C-and Sbearing fluids, since HS -has an affinity for isotopically light Zn whereas CO 2À 3 and SO
2À
4 concentrate isotopically heavy Zn isotopes. Hence, the combination of Fe and Zn isotopes can be used as a mean of probing the speciation and oxidation state of carbon and sulfur in slabderived fluids. In good agreement with this, theoretical calculations (Debret & Sverjensky, 2017 ) and stable isotope studies (Debret et al., 2016b; Pons et al., 2016) have shown that serpentinite devolatilization is associated with the release of Fe and Zn complexed with Cland SO 2À 4 anions in the fluids, resulting in significant Fe and Zn stable isotope fractionation. More recently, Inglis et al. (2017) also reported extensive Fe isotope variability in carbonate-bearing metasomatic interfaces between meta-sedimentary rocks and metabasites and suggested that Fe isotopes could also be used as potential tracers of sedimentary rock dehydration and potentially carbon mobility during subduction.
In order to better constrain carbon mobility during prograde metamorphism in subduction zones, we have carried out an Fe and Zn stable isotope study of ultramafic rocks and ultramafic-sedimentary interfaces from the Western Alps (Queyras) that have experienced greenschist to blueschist facies metamorphism during the closure of the Piedmont Ocean. We show that these rocks were carbonated by CO 2 rich-fluids derived from metasedimentary rocks during the early stages of subduction (< 300 C) and then decarbonated at greater depths. In order to expand our study into a larger framework relating to the carbon cycle in subduction zones, we also analysed a suite of olivines preserved in carbonate-bearing veins from the Kohistan sub-arc mantle (Himalaya). These samples have been interpreted as the products of fluid migration through forearc mantle (Bouilhol et al. 2009 (Bouilhol et al. , 2012 and have distinct Zn isotope compositions (Pons et al., 2016) reflecting this origin. These samples may, therefore, provide a potential end-member of the fluids metasomatizing the mantle wedge, allowing us to track the signature of carbon-bearing fluids at the scale of the AlpineHimalayan orogeny.
GEOLOGICAL SETTINGS AND SAMPLE PETROLOGY
The Queyras Schistes Lustré s complex is located in the Piedmont zone of the southwestern Alps (Fig. 1) . It is composed of units belonging to the distal European margin and from the nearby oceanic domain (Lemoine et al., 1987) that were juxtaposed during the Alpine subduction and collision in Late Cretaceous to Tertiary times (Tricart, 1984) . The complex consists of $ 10% of meta-ophiolites embedded in a sedimentary-rich environment consisting of Jurassic to Lower Cretaceous metasedimentary rocks (Lagabrielle et al., 1984; Lemoine et al., 1987) . The protoliths of the Schistes Lustré s exposed in the Western Alps are inferred to be carbonate-rich deep-sea sediments with a large degree of heterogeneity, inherent with such types of lithologies (Agard et al., 2002; Bebout et al., 2013; Cook-Kollars et al., 2014) . The Queyras meta-ophiolites are mainly composed of mafic and ultramafic olistoliths (referred to as ultramafic boudins hereafter) that are up to 200 m in size and interbedded in metasedimentary rocks (Lagabrielle et al., 2014) . Some of the largest olistoliths preserve remnants of primary contacts between ultramafic rocks and their sedimentary cover. Those rocks were highly hydrated and altered at seafloor level before undergoing high-pressure and temperature metamorphism during alpine subduction Debret et al., 2016a) .
Based on their metamorphic grade, three different tectono-metamorphic units have been identified in the Queyras Schistes Lustré s complex (Fig. 1) . These record variable P-T conditions during Alpine subduction, increasing from low-temperature blueschist facies conditions (LT-blueschist unit; 320-360 C and 9-11 kbar) in western Queyras to medium-temperature (MT-blueschist unit; 340-390 C and 10-12 kbar) and hightemperature blueschist conditions towards the East (Ballè vre et al., 1990; Agard et al., 2001; Tricart & Schwartz, 2006; Schwartz et al., 2013; Lagabrielle et al., 2014) . In this area, previous petrological and geochemical studies of the Queyras meta-ophiolites have identified extensive fluid-rock interactions between mafic/ultramafic and meta-sedimentary rocks occurring at HT-HP during subduction, resulting in the recrystallization and chemical hybridization (metasomatic mixing with hybrid compositions) between mafic/ultramafic and metasedimentary rocks at their interface (Debret et al., 2016a) . We sampled three different meta-ophiolites across the complex (Fig. 1b) at localities where metasomatic contacts between metasedimentary and ultramafic/mafic rocks are preserved.
The Col Peas meta-ophiolite belongs to the LTblueshist unit (Fig. 1b) and is composed of ultramafic and mafic boudins embedded within highly deformed metasedimentary rocks (Fig. 2a) . The contact between metasedimentary rocks and ultramafic boudins is defined by diopside-rich serpentinites (Di-serpentinite) that display a strong foliation and thin (centimetres width) green and white layers (Fig. 2b) . The green layers are mainly composed of oriented lamellae of chlorite and antigorite associated with small grains of titanite, sulfides and Fe-rich oxides (magnetite). The oriented lamellae of antigorite and chlorite mark the foliation of the rocks (Fig. 2c) . The white layers are made of randomly orientated diopside needles up to 300 mm long with interstitial chlorite with carbonate-rich clusters in their centres (Fig. 2c, d ). These observations are interpreted in terms of the post-deformation crystallization of diopside at the expense of carbonate. Towards the serpentinite boudins, the amount of diopside and chlorite decreases and serpentinites are mainly composed of antigorite lamellae associated with accessory Fe-rich oxides (magnetite and mantle spinel) and Ca-carbonate veins. The centres of the serpentinite boudins preserve mesh and bastite textures formed after mantle olivine and pyroxene, respectively, interpreted to have formed during seafloor alteration Schwartz et al., 2013) . Rare relicts of mantle clinopyroxene can be preserved in the centre of serpentine textures. The mesh textures are associated with thin magnetite veins $50 mm wide (Fig. 2e) while the bastite textures are magnetite-free and associated with titanite grains $30 mm wide.
The Echassier meta-ophiolite is located to the south of the Queyras Schistes Lustré s complex and belongs to the MT-blueschist unit (Fig. 1b) . As in the Col Peas, it is composed of metre-scale ultramafic and mafic boudins enveloped in highly deformed metasedimentary rocks. At the contact with the meta-sedimentary rocks, the ultramafic rocks are massive and display ophicarbonate-like textures composed of a white vein network cross-cutting a dark blue ultramafic host rock (Fig. 3a) . In thin section the white veins are carbonatefree and exclusively composed of lamellar diopside aggregates displaying pseudomorphic textures after olivine and pyroxene (Fig. 3b) . Rare olivine relicts are observed in the centre of the diospide pseudomorphic aggregates. The ultramafic part of these rocks is composed exclusively of randomly orientated chlorite lamellae. The rims of the ultramafic boudins are composed of antigorite lamellae associated with chlorite, chromite, Al-spinel and Ca-carbonate, whereas the boudin centre preserves mesh and bastite textures and mantle clinopyroxene partly recrystallized into antigorite (Fig. 3c) . The bastite textures are associated with diopside lamellae.
The Refuge du Viso meta-ophiolite, located in the east, is mostly composed of serpentinites with metagabbroic pods and was metamorphosed at HT-blueschist facies conditions during subduction (Fig. 1b) . These serpentinites are themselves enveloped in highly deformed metasedimentary rocks. The contact between the metasedimentary envelope and the serpentinites is relatively sharp and is locally defined by an epidote and chloriterich layer $ 2 m wide. At the contact with this chlorite/epidote layer, the serpentinites are highly deformed and mainly composed of orientated antigorite lamellae with magnetite and olivine crystallizing along shear planes (Fig. 4) . The crystallization of olivine in the Refuge du Viso meta-ophiolite has been previously attributed to the onset of serpentinite devolatilization during brucite breakdown . In the centre of this massif, serpentinites are massive and display early mesh and bastite textures partly to fully recrystallized into antigorite and associated with magnetite and chromite.
In the Queyras Schistes Lustrè s complex, the crystallization of lizardite-bearing textures (mesh and bastite) has been previously assigned to sea-floor metamorphism, whereas the crystallization of antigorite at the expense of lizardite is attributed to the influx of SiO 2 rich fluids derived from metasedimentary rocks during the onset of subduction Lafay et al., 2013) . In agreement with these studies, our field and petrographic observations of these blueschist units have revealed that the crystallization of antigorite at the expense of lizardite mainly occurs at boudin rims (Figs 2a and 4) . In addition, we identify the crystallization products of various stages of carbonation and decarbonation during these fluid-rock interactions (Figs 2d, 3b and 5), manifest by the successive precipitation of Ca-carbonate and diopside in the ultramafic rocks formed at the contact with meta-sedimentary rocks. The interface between ultramafic and metasedimentary rocks is defined by Di-serpentinites (Fig. 5) . With progressive distance from these contact zones, the mineralogy of the serpentinite boudins evolves from antigorite with Ca-carbonate/diopside at the boudin rims to lizardite (6 Atg) -bearing serpentinite within the boudin cores.
In order to decipher better the nature of the fluid(s) circulating in these zones, we sampled metasomatic interfaces (CP2 and CE14b) as well as the rims (CP3, CE10 and RV3) and cores (CP8, CE3 and RV8) of serpentinite boudins composing the Col Peas (LT-blueschist unit), Echassier (MT-blueschist unit) and Refuge du Viso (HT-blueschist unit) meta-ophiolites ( Fig. 5b-d) . To expand our sample set we have also analysed a suite of olivines (OG, Ogi, OGM and OG1) from the Kohistan sub-arc mantle (Himalaya) for Fe isotopes. These were sampled from calcite-magnetite bearing veins crosscutting sub-arc mantle peridotites (Bouilhol et al., 2009 (Bouilhol et al., , 2012 . The vein-forming minerals crystallized from a fluid that migrated through the fore-arc mantle, constituting a rare field expression of a potential end-member of the fluids metasomatizing the mantle wedge in subduction zones. In detail, these samples belong to the Sapat complex which represents a part of the sub-arc mantle of the Kohistan-Ladakh Arc, an intra-oceanic island arc relict formed during the subduction of the Tethys Ocean in the Mesozoic (Tahirkheli et al., 1979; Bouilhol et al., 2013) . The Sapat sub-arc mantle has been overprinted by slab-derived fluids, in a fore-arc position during subduction, as testified by the formation of olivine-calcite-magnetite bearing veins crossing serpentinized ultramafic rocks (Bouilhol et al., 2009 (Bouilhol et al., , 2012 . These veins are mainly composed of olivine, calcite and magnetite 6 Cr-clinochlore, and are often overprinted by serpentine and brucite (Fig. 6 ). Trace element analyses of vein-bearing minerals, combined with O, C and Sr isotopes indicate that the veins were formed at high temperature (T > 500 C) from H 2 O-CO 2 and fluid- mobile element (e.g. Li, B) rich fluids partly equilibrated with both mantle, slab and/or wedge derived components (Bouilhol et al., 2012) . In addition, a recent Zn isotope study (Pons et al., 2016) of the same samples provides evidence for the formation of those veins in equilibrium with oxidized and sulfate-rich fluids derived from the devolatilization of slab serpentinites. These veins, therefore, record a complex history of interactions between sulfate-bearing serpentinite-derived fluids and carbonate-bearing lithologies such as metasedimentary rocks and ophicarbonates derived from the upper slab or the slab/mantle interface, and the sub-arc mantle.
METHODS

Geochemistry
Major and trace element concentrations of the Kohistan gem olivines are provided in Bouilhol et al. (2009 Bouilhol et al. ( , 2012 Tables 1 and 2 . Iron and zinc isotope analyses were performed on the Queyras samples by multiple-collector inductively coupled plasma mass spectrometry (MC-ICP-MS; Thermo Neptune Plus) at Durham University. Kohistan samples were analysed for Fe isotopes only; their Zn isotopic compositions are provided in Pons et al. (2016) . Dissolution, iron or zinc purification and isotopic analyses were undertaken at Durham University using procedures established by Hibbert et al. (2012) and Pons et al. (2016) Fe ¼ -1Á03 6 0Á09& 2sd, n ¼ 24; sd: standard deviation, n: number of analyses) previously analysed in other studies (Williams et al., 2005; Williams & Bizimis, 2014; Weyer & Ionov, 2007; Millet et al., 2012) . The USGS standard BIR-1 (Icelandic basalt) was also analysed over the course of this study (d 56 Fe ¼ 0Á06 6 0Á04&; d 57 Fe ¼ 0Á07 6 0Á04&; 2sd, n ¼ 2). The analyses of BIR are in good agreement with previous studies (e.g. Millet et al., 2012; Sossi et al., 2015; Debret et al., 2016b) . The d
56
Fe values are reported in Table 2 . The total procedural blank contribution was <10 ng of Fe, which is negligible compared to the amount of Fe processed (> 300 lg). In Zn based on repeated analysis of an international rock standard (BCR-2, n ¼ 9) is 0Á06& (2sd). Our value for BCR-2 is in perfect agreement with previously published studies (Moeller et al., 2012 and references therein) . The total procedural blank is <20 ng of Zn, which is negligible compared to the >2 lg of sample Zn processed.
Pseudosection modelling
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Fe-tremolite. The chlorite solid solution model was taken from Lanari et al. (2014) , and the antigorite model from Padró n-Navarta et al. (2013) . For carbonates we used the solid solution model developed by Franzolin et al. (2011) with an enthalpy of formation of -5Á74kj/mol for ordered dolomite (Navrotsky & Capobianco, 1987) , which is considered to be in good accordance with natural examples .
RESULTS
Queyras meta-ophiolites
Metasomatic interfaces
The metasomatic interfaces are primarily composed of Ca-carbonate, diopside, magnetite, antigorite and/or chlorite (Di-serpentinite). Samples CP2 (from the LTblueschist, Col Peas) and CE14b (from the MTblueschist, Echassier) are Di-serpentinites. In both samples, diopside lamellae and needles have low Al 2 O 3 (<0Á1-2Á3 wt %) and Cr 2 O 3 (< 0Á1 wt %) contents relative to those expected for mantle clinopyroxene (Al 2 O 3 > 3 wt %, Cr 2 O 3 > 1 wt %, e.g. Debret et al., 2013b) . Antigorite Al 2 O 3 and FeO contents range from 1Á5 to 3Á8 wt % and from 4Á3 to 6Á3 wt %, respectively. Chlorite compositions range from Cr-clinochlore to chamosite end-members (Al 2 O 3 ¼ 10Á8-17Á7 wt %, FeO ¼ 3Á5-15Á7 wt % and Cr 2 O 3 ¼ < 0Á1-8Á2 wt %). Importantly, the difference between these two samples is marked by the absence of Ca-carbonates in CE14b, otherwise present in CP2. The bulk-rock compositions of Di-serpentinites is characterized by low MgO (26Á6-30Á7 wt %) and high Al 2 O 3 (3Á7-12Á6 wt %) and CaO (6-6Á6 wt %) contents relative to abyssal serpentinites (Fig. 8) . The Di-serpentinites display a large range in C (240-1307 ppm) and have low S (< 32 ppm) contents. Normalized to the primitive mantle, their trace element patterns are relatively flat (Ce n /Yb n ¼ 0Á6-2) with an alkali enrichment (Cs n /Ce n ¼ 50-470) and positive Li, As and Sb anomalies (Fig. 9a) . The Di-serpentinites display high fluid-mobile element (FME: B, Li, As, Sb, Cs and Sr) concentrations and highly fractionated d 56 Fe values, ranging from -0Á27 6 0Á07& (2sd, n ¼ 3) to -0Á12 6 0Á04& (2sd, n ¼ 3), relative to those of seafloor serpentinites, which have d 56 Fe values that typically range from -0Á05
to þ 0Á05& (Craddock et al., 2013; Debret et al., 2016b; Fig. 8 Zn ¼ 0Á19 6 0Á03&, 2sd, n ¼ 2) and seafloor serpentinites (þ 0Á12 to þ 0Á28&; Pons et al., 2011; Fig. 8 ). 
n, number of analyses; sd, standard deviation. *values from Pons et al. (2016) . Fig. 7 . T-aCO 2 pseudosection at 10 kbar and a water activity of 1 for the CP2 sample. The yellow star shows the inferred conditions of crystallization of the chlorite-antigorite-diopside-Cacarbonate in the LT-blueschist unit (320-360 C and 9-11 kbar) and white star that of the MT-blueschist unit (340-390 C and 10-12 kbar). Diopside coexists with carbonates serpentine and chlorite over a large range of P-T conditions. The progressive disappearance of Ca-carbonate in Queyras metamorphic terranes is consistent with a decrease of aCO 2 in the fluid at low temperature (320 < T < 390 C). The expected T-aCO 2 path of Queyras metasomatic contacts is represented by a grey arrow. Atg, antigorite; Cpx, clinopyroxene (diospide); Tr, Amphibole (tremolite); Tlc, Talc; Qz, Quartz; Cb, carbonates; Ol,Olivine; Brc, Brucite; Chl, Chlorite.
Serpentinites boudin cores and rims
The serpentinite boudin rims and cores are mainly composed of lizardite and antigorite with minor amounts of chlorite and secondary olivine (Fig. 5) . Although serpentine-bearing assemblages display a large range in major element compositions (Al 2 O 3 ¼ 0Á5-5Á2 wt %; FeO ¼ 1Á7-10Á5 wt %), that can be attributed to various substitution processes (see for example Beard & Frost, 2016) , no systematic variations are observed between the different studied areas. Chlorites display a restricted range of compositions and correspond to clinochlore (Al 2 O 3 ¼ 13Á2-13Á6 wt %, FeO ¼ 4Á2-7Á3 wt % and Cr 2 O 3 < 0Á2 wt %). Secondary olivines from HTblueschist terrains have high MnO contents (1Á4-1Á5 wt %) and X Mg (Mg /(Mg þ Fe) $ 92) relative to those expected from their mantle protoliths (MnO < 0Á5 wt %; XMg ¼ 0Á88-0Á92; e.g. Debret et al., 2013b) . Such observations are in agreement with previous studies of secondary olivines generated as a consequence of antigorite and brucite breakdown reactions (e.g. Almirez massif, Spain, Trommsdorff et al., 1998; Padró n-Navarta et al., 2011). The major and trace element bulk-rock compositions of the studied serpentinites are consistent with previous studies of Queyras serpentinites (e.g. Lafay et al., 2013) and abyssal peridotites/serpentinites (e.g. Deschamps et al., 2013) . They display harzburgitic to depleted lherzolitic-like compositions (MgO ¼ 35-39Á3 wt %, Al 2 O 3 ¼ 1Á4-3 wt % and CaO ¼ < 0Á1-1Á9 wt %) and high C (170-510 ppm) and variable S (< 50-1180 ppm) contents compared to mantle peridotites (C ¼ 30 ppm; and S ¼ 100-250 ppm; Dasgupta & Hirschmann, 2010; Alt et al., 2013) . However, the carbon contents of the Queyras serpentinite boudins are low relative to the Diserpentinites (Fig. 8) . In the LT-and MT-units, the trace element compositions of serpentinites are characterized by depletion in LREE (Light Rare Earth Elements; Ce n / Yb n ¼ 0Á13-0Á25) and a slight increase from MREE (middle rare earth elements) to HREE (heavy rare earth elements; Gd n /Yb n ¼ 0Á71-0Á87) as well as positive U (U n / Th n ¼ 3-14) and Pb (Pb n /Ce n ¼ 3-28) anomalies and strong alkali enrichment relative to LREE (Cs n /Ce n ¼ 50-470, Fig. 9 ). In the HT-unit, the trace element patterns of serpentinites are flat (Ce n /Yb n ¼ 1Á1-1Á4) and characterized by low alkali concentrations (Cs n /Ce n < 0Á1) and negative anomalies in Sr (Sr n /Nd n < 0Á1) and Eu (Eu* ¼ 0Á4-0Á5; Fig. 9 ). The FME (fluid-mobile element) concentrations significantly decrease in serpentinites passing from LT-or MT-blueschist units to HTblueschist unit (Figs 8 and 10) .
In values are shifted to lower values and range from -0Á07 6 0Á06& (2sd, n ¼ 6) for boudin cores to -0Á17 6 0Á06& (2sd, n ¼ 6) at boudin rims (Fig. 8) . In all the studied meta-ophiolites, the serpentinites display homogeneous d
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Zn values ranging from 0Á17 6 0Á01& (2sd, n ¼ 4) to 0Á23 6 0Á02& (2sd, n ¼ 4). These values are in good agreement with previous analyses of Western Alps serpentinites for which d
Zn values range from 0Á12 6 0Á04& to 0Á26 6 0Á04& (Pons et al., 2016 , Atg/Liz-and Atg-serpentinites).
Kohistan olivines
The major and trace elements concentrations and the Zn isotopic compositions of the Kohistan gem olivines are from Bouilhol et al. (2009 Bouilhol et al. ( , 2012 and Pons et al. (2016) , respectively; their Fe isotope compositions were obtained as part of this study. The Kohistan gem olivines show a wide range of X Mg (0Á89-0Á97), MnO (0Á1-0Á25 wt %) and NiO (0Á22-0Á88 wt %) contents. Compared to mantle olivine, their trace element patterns display highly fractionated HREE slopes and high concentrations of HREE and High Field Strength Elements (HFSE; Nd, Ta, Zr, Hf, Ti; Bouilhol et al., 2009 Bouilhol et al., , 2012 . Such features are commonly observed in metamorphic olivines crystallizing in equilibrium with metamorphic fluids (e.g. Garrido et al., 2005; Debret et al., 2013a) and should be considered as characteristic of olivines produced as a consequence of fluid-rock reactions. Moreover, concentrations of Li (2Á1-11 ppm), B (19-121 ppm) and chalcophile elements (Cu ¼ 0Á8-207 ppm; Zn ¼ 17-152 ppm) in the Kohistan olivines exceed those of typical mantle olivines (mantle olivine: Li < 3 ppm; B < 1 ppm; Cu < 3 ppm, Zn ¼ 28-81 ppm; e.g. Vils et al., 2008; De Hoog et al., 2010) . The Kohistan gem olivines display highly fractionated d 56 Fe and d 66 Zn values ranging from -0Á06 6 0Á12& (2sd, n ¼ 3) to -0Á36 6 0Á08& (2sd, n ¼ 3) and from 0Á57 6 0Á05& to 0Á89 6 0Á05& (Table 2) , respectively.
DISCUSSION (De)carbonation reactions and carbon leaching during the early stages of subduction
In each Queyras tectono-metamorphic unit, the ultramafic boudin cores preserve low temperature assemblages, such as lizardite-bearing mesh and bastite textures (Figs 2e, 3c and 5), whereas the boudin rims and metasomatic interfaces display higher temperature and pressure (HT-HP) assemblages, such as antigorite and secondary olivine (Fig. 4) . The preferential crystallization of HT-HP assemblages at the boudin rims and metasomatic interfaces suggests the existence of a free fluid phase that could have accelerated (de)serpentinization and enhanced (de)carbonation reactions in these zones during subduction. In support of this hypothesis, previous experimental studies have shown that the presence of Si, Al, Ca or CO 2 in fluids can increase the kinetics of serpentinization reactions (e.g. Martin & Fyfe, 1970; Andreani et al., 2013; Pens et al., 2016) . In this scenario, the contact between metasedimentary and ultramafic rocks may correspond to a reaction front where fluids promote mass transfer and affect reaction kinetics and local equilibriums during subduction.
In the LT-blueschist unit, the interface between metasedimentary and ultramafic rocks is mainly composed of metamorphic diopside, Ca-carbonate, antigorite, chlorite and magnetite (Di-serpentinites, Fig. 5b ) reflecting a two-stage crystallization process. The Diserpentinite foliation is marked by orientated lamellae of antigorite (6chlorite) whereas diopside needles are randomly orientated (Fig. 2c) , showing that diopside crystallization post-dates deformation and antigorite crystallization. The presence of Ca-carbonate clusters preserved within diopside layers (Fig. 2d) suggests an early paragenesis composed of Ca-carbonate and antigorite. The crystallization of both Ca-carbonate and antigorite required the percolation of Ca, C-and SiO 2 -rich fluids, triggering the formation of carbonate and antigorite at the expense of lizardite (e.g. Evans, 2004) . The early Ca-carbonate crystallization is also evidenced by the high CaO (6Á6 wt %) and C (1307 ppm) concentrations of Di-serpentinite relative to the rims of the ultramafic boudins (Ca ¼ 1Á9 wt %; C ¼ 507 ppm), cores (Ca ¼ 0Á1 wt %; C ¼ 172 ppm) and abyssal serpentinites (Fig. 8) .
In the MT-blueschist unit, the metasomatic contacts show evidence of extensive decarbonation. They are carbonate free and exclusively composed of diopside, chlorite and magnetite (Figs 3a, b and 5c ). Previous P-T estimates have shown that the MT-blueschist unit records a peak around 340-390 C and 10-12 kbar . At these conditions antigorite crystallizes at the expense of lizardite in serpentinites (Fig. 3c ) but carbonate remains stable (Fig. 7) .
The absence of carbonate in these rocks cannot be explained by a simple increase in P-T conditions and alternative processes must be considered.
Fluid circulation in metasomatic fronts can promote chemical exchange and change local mineral equilibrium (e.g. Malaspina et al., 2009; Tumiati et al., 2015) . A change of fluid composition in these zones, potentially driven by the dehydration of other slab lithologies during subduction, will affect local mineral equilibrium and may lead to carbonate leaching in fluids. Thermodynamic calculations show that dolomite, quartz and Ca-carbonate (aragonite or calcite) are progressively replaced by talc, amphibole and finally diopside at decreasing aCO 2 (Supplementary Data Electronic Appendix C). Diopside crystallization and full carbonate dissolution is achieved in an ultramafic fluidsaturated system at very low aCO 2. (Fig. 7) . The observed absence of carbonate may, therefore, reflect the percolation of a fluid with extremely low aCO 2 , resulting in extensive carbon leaching and diopside crystallization. A low aCO 2 could be achieved either by a change of fluid source or extensive depletion of carbon in the fluid source prior to MT-or HT-blueschist facies metamorphism. In agreement with these scenarios, the Di-serpentinites forming the MTmetasomatic contacts preserve high CaO contents (between 6 to 6Á6 wt %, Fig. 8 ), far greater than that observed in peridotites and serpentinites in orogenic or abyssal contexts (between 0 and 4 wt %, e.g. Godard et al., 2008; Bodinier & Godard, 2013) , suggesting that they experienced percolation by carbonate-bearing fluids, which would have enhanced carbonate crystallization. However, these samples also display low C contents relative to LT-metasomatic contacts, implying subsequent leaching of carbon during diopside crystallization (Fig. 8) .
The Queyras Schistes Lustré s complex is considered to be an open system in which fluids released during sediment devolatilization have infiltrated the surrounding rocks during the early stages of subduction Schwartz et al., 2013; Cook-Kollars et al., 2014; Debret et al., 2016a) , promoting the formation of metasomatic contacts. Several studies have demonstrated the mobility of many elements, including Si, Cs, B, Li, As, Sb, Ba, Rb, Ce, S and Cu, in metasedimentderived fluids (Busigny et al., 2003; Bebout et al., 2007 Bebout et al., , 2013 Garofalo, 2012; Penniston-Dorland et al., 2012; Lafay et al., 2013; Cannaò et al., 2016; Debret et al., 2016a; Peters et al., 2017) . In good agreement with these studies, serpentinites from LT-and MT-blueschist units display high Li, As, Sb, Ba, Rb and Cs concentrations relative to slab serpentinites from other Western Alps meta-ophiolites (Fig. 10) , indicating significant metasomatism by sediment-derived fluids during the early stages of subduction (e.g. Peters et al., 2017) . Recent studies have shown that the thermal decomposition of carbonate (i.e. siderite) into CO 2 -rich fluids and magnetite occurs in aqueous fluids at relatively low temperature, ranging from 200 to 300 C (Milesi et al., 2015) . This suggests that the Queyras metasedimentary rocks experienced an early decarbonation stage, before the slab reaches the 300 C isotherm, generating a fluid with a significant amount of dissolved CO 2 . The infiltration of these fluids into the ultramafic lithologies will subsequently promote carbonate precipitation and the storage of fluid-mobile elements and carbon in antigorite-bearing serpentinites.
The ultramafic rocks from the HT-blueschist unit are characterized by the presence of secondary olivine, indicative of serpentinite devolatilization, which, under these P-T conditions, would be related to brucite breakdown. This process leads to a significant release of FME-rich fluids, as testified by the low FME concentrations of the ultramafic rocks forming the HT-blueschist meta-ophiolites (Fig. 10) , and is likely to be associated with a significant release of aqueous fluids (about 2 wt % of H 2 O lost, Padró n-Navarta et al., 2013). These fluids would be virtually CO 2 -free, and their percolation would thus cause a decrease in aCO 2 (Fig. 7) . This would promote the leaching of the previously crystallized carbonates and the re-crystallization of the metasomatic contact into a carbonate-free zone, which would in turn lead to the substantial transfer of CO 2 -bearing fluids from the slab to the slab/mantle wedge interface and/or the sub-arc mantle (see also Kelemen & Manning, 2015; Scambelluri et al., 2016) . It however remains unclear whether the breakdown of brucite alone would produce enough fluid to leach all the carbon. Indeed, other sources of fluid (e.g. amphibole breakdown in mafic lithologies; e.g. Debret et al., 2016a) and reaction pathways (e.g. stabilization of graphite in metasedimentary rocks; e.g. Galvez et al., 2013) may also lead to a decrease of aCO 2 in fluids.
Tracking fluid migration in the subducting slab using stable isotopes Recent studies have successfully used Fe and Zn stable isotopes to track the composition and redox state of fluids circulating in subduction zones (Debret et al. 2016b; Pons et al., 2016) as ab initio calculations predict that these isotopic systems are particularly sensitive to H-C-O-S-Cl fluids (Hill & Schauble, 2008; Fujii et al., 2010 Fujii et al., , 2011 Fujii et al., , 2014 Hill et al., 2010) . In the Queyras Schistes Lustré s Complex, Fe and Zn display contrasting behaviour. In each Queyras tectono-metamorphic unit, d
56 Fe progressively decreases from boudin cores to boudin rims and Di-serpentinites (Fig. 8) . In contrast, the d 66 Zn values of the Queyras ultramafic rocks are homogeneous and overlap with those of previous studies of Western Alps or mid-oceanic ridge serpentinites (Pons et al., 2016) . Only a carbonate free Di-serpentinite from the MT-blueschist unit displays an isotopically light d 66 Zn value (Fig. 8) .
Previous studies have shown that Fe behaves conservatively during ocean floor serpentinization and that no net Fe stable isotope fractionation takes place during this process (Craddock et al., 2013; Debret et al., 2016b) .
The range of d
56 Fe values at mid-oceanic ridges is thus interpreted as reflecting preexisting protolith Fe isotope heterogeneity, with pyroxene-rich and less depleted peridotites displaying isotopically heavier compositions (Williams et al., 2005; Williams & Bizimis, 2014) . In Alpine ophiolites, serpentinite protolith fertility can be assessed using fluid-immobile elements whose ratios are unaffected by serpentinization (e.g. Al 2 O 3 /SiO 2 , Zr/ Nb; see Debret et al., 2016b) Fe values of Queyras ultramafic rocks (boudin rims and metasomatic interfaces) are not controlled by preexisting protolith heterogeneities (e.g. dunite vs lherzolite) and must have been generated by the mobilization of Fe during prograde subduction metamorphism.
Previous Fe isotope studies of subducted serpentinites samples from Western Alps meta-ophiolites have shown that blueschist (þ 0Á07 6 0Á07&, 2r) and eclogite (þ 0Á08 6 0Á11&) facies slab serpentinites display heavy Fe isotope signatures relative to those of abyssal (þ 0Á01 6 0Á08&) and low metamorphic grade serpentinites (-0Á02 6 0Á08&; Debret et al., 2016b) . This has been interpreted to reflect the progressive loss of isotopically light Fe from the slab with increasing prograde metamorphism. This scenario is consistent with the release of sulfate-rich and/ or hypersaline fluids, which preferentially complex isotopically light Fe in the form of Fe(II)-SO X or Fe(II)-Cl 2 species. The release of fluids in which Zn was complexed by sulfate during serpentinite devolatilization has also been confirmed by a recent Zn isotope study of the same serpentinite samples (Pons et al., 2016) . Therefore, the isotopically light (d 56 Fe ¼ -0Á27 6 0Á01) compositions of the Queyras ultramafic rocks cannot be explained by a simple scenario of serpentinite devolatilization, as this should be accompanied by the release of isotopically light Fe which would generate isotopically heavy residues, which is opposite to what is observed. An alternative process is, therefore, required. The observed Fe isotopic fractionation in the metasomatic interfaces could, therefore, result from: (1) the addition of light d 56 Fe and/or (2) the leaching of a heavy d 56 Fe component by external fluids. Critically, the influence of kinetic effects, related to the preferential mobility of isotopically light species during fluid-rock interaction or diffusion processes, can be ruled out. Indeed, the chemical potential gradient between solid phases and fluids is such that the direction of diffusive transport from solid (Zn-and Fe-rich) to fluid (Zn-and Fe-poor) Fe values in the LTand MT-units, from boudin cores to metasomatic interfaces, is correlated with an increase in whole-rock CaO content and other indices of metasediment-derived fluids, such as FME (Fig. 8) . This observation provides evidence for overprinting by sediment-derived fluids. Here we discuss and model the transfer of isotopically light Fe during the overprinting of ultramafic rocks by sediment-derived fluids.
Metasedimentary rocks in the Queyras display d 56 Fe values of $ 0Á1& (Inglis et al., 2017) and cannot be distinguished from abyssal deep-sea sediments which display a large range of d
56 Fe values varying from about -0Á74 to 0Á15& (e.g. Rouxel et al., 2003) . However, it should be noted that carbonated deep-sea sediments are expected to display extremely light d
56 Fe values (Rouxel et al., 2003) . In that sense, the relatively heavy d
56 Fe values of Queyras metasedimentary rocks may, therefore, be compatible with the dissolution of Febearing carbonates and the release of isotopically light Fe-bearing fluids, as the process would drive the residual metasediments to isotopically heavy values. Furthermore, siderite (FeCO 3 ) and ankerite (Ca(Fe, Mg, Mn)(CO 3 ) 2 ) are the most common Fe-bearing carbonates crystallizing in seafloor sediments and can display highly fractionated d
56
Fe values down to -3Á9& (e.g. Belshaw et al., 2000; Johnson et al., 2008) . These minerals are also particularly soluble at temperatures ranging from 200 to 300 C (Milesi et al., 2015) and their dissolution would contribute to the formation of C-bearing fluids with a light Fe isotope signature. Therefore, the correlation between indices of metasedimentderived fluids (e.g. CaO, Li/Y or Sr/Y) and the d 56 Fe values of the surrounding lithologies (Fig. 8) , as well as the observation of carbonate clusters within Diserpentinites (Fig. 2d) , strongly supports the isotopically light Fe signature being inherited from the metasediment-derived fluids. The percolation of such fluids through serpentinites would enhance the recrystallization of serpentinites with high carbon contents and isotopically light d 56 Fe. This scenario is further corroborated by a simple geochemical model, in which the ultramafic rocks are metasomatized by the surrounding metasediments, as discussed below.
The exact nature of Fe complexation in sedimentderived fluids remains poorly constrained. Nonetheless, natural (Debret et al., 2016b; Inglis et al., 2017) and theoretical (Schauble, 2004; Hill & Schauble, 2008 , Hill et al., 2010 Fujii et al., 2014) and CO 2À 3 anions will preferentially complex isotopically light Fe in fluids, thus being potential vectors of Fe transfer from sedimentary rocks to serpentinites. However, if CO 2 and to a minor extent S are released in sediment derived-fluids during prograde metamorphism (e.g. Garofalo, 2012) , Cl is likely to be retained in sedimentary rocks during devolatilization (Selverstone & Sharp, 2015 and reference therein). Here, we modelled the transfer of Fe from sedimentary rocks to serpentinites from 200 to 300 C during siderite dissolution using the ab initio calculations of Blanchard et al. (2009 ), Schauble (2004 and Fujii et al. (2014) (Black et al., 2011; Fujii et al., 2011) and can thus induce isotopic fractionation during metamorphic processes (Pons et al., 2016) . This is confirmed by the analysis of carbonated deep-sea sediments which display heavy values relative to mafic and ultramafic rocks (e.g. Pichat et al., 2003; Bentahila et al., 2008) . However, surprisingly, the d
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Zn and Zn concentrations (39-57 ppm, Table 1) of the Queyras ultramafic rocks are relatively invariant in the different studied ophiolites (Fig. 8) , irrespective of Ca or C concentrations. This observation suggests that the carbonation of Queyras ultramafic rocks by sediment-derived CO 2 -bearing fluids occurred without significant transfer of zinc. In contrast, at higher P-T conditions (MT-unit, T > 300 C), the decarbonation of ultramafic rocks seems to be accompanied by a significant release of isotopically heavy zinc as attested by the light d 66 Zn value of a single carbonate-free Di-serpentinite. Although compositional and isotopic heterogeneity is inevitable in metasomatic zones, this result suggests that the transfer of heavy zinc in subduction zones is restricted to higher temperatures (T > 300 C) during the main stage of serpentinite devolatilization which, in terms of Zn isotopes, is dominated by the release of sulfate-bearing fluids associated with slab sulfide breakdown (Pons et al., 2016) .
Carbonate fluid transfer to the serpentinized mantle wedge
The subduction of oceanic lithosphere and overlying sediments initiates a continuum of metamorphic reactions and dehydration/rehydration events between the downgoing slab, the slab/mantle wedge interface and/ or the mantle wedge, which are strongly controlled by temperature ( Fig. 10 ; Manning, 2004; Magni et al., 2014; Spandler et al., 2014) . At shallow depths, the sedimentary rocks that compose the top of the slab and/or the slab/mantle interface experience compaction, deformation and metamorphic reactions (e.g. clay minerals breakdown) resulting in the release of FME-rich fluids (Bebout, 1997 (Bebout, , 2014 Hattori & Guillot, 2007; Garofalo, 2012; Penniston-Dorland et al., 2012; Bebout et al., 2013; Lafay et al., 2013; Barnes et al., 2014; Cannaò et al., 2016; Debret et al., 2016a, b) and the transfer of these fluids to the overlying fore-arc mantle (Fig. 11) . This serpentinized fore-arc mantle displays high FME concentrations relative to slab serpentinites (Fig. 10) and mixed isotopic signatures between depleted mantle and a 'sedimentary' component (Savov et al., 2007; Bouilhol et al., 2009; Deschamps et al., 2010; Scambelluri et al., 2014; Cannaò et al., 2016) . Our study further characterizes these sediment-derived fluids as being isotopically light in Fe, which is most likely complexed with carbon. As Fe-bearing carbonates are highly soluble between 200-300 C (Milesi et al., 2015) , Fe and C are expected to be released from the slab before it reaches the 400 C isotherm (Fig. 11b ). This process, and the transfer of such Fe-and C-bearing fluids to the overlying mantle, may enhance the precipitation of Cbearing phases, such as calcite or graphite, within the fore-arc mantle. This serpentinization of mantle wedge peridotite has the potential to be associated with significant Fe oxidation as the result of Fe 3þ -bearing serpentine or magnetite precipitation and may, therefore, provide a means of sequestering reduced carbon into the fore-arc mantle according the following equation:
At present, this reaction is speculative due to the absence of Fe and C redox state data for mantle wedge serpentinites. Nonetheless, in this model, the early stages of sediment devolatilization promote the serpentinization of fore-arc mantle, allowing it to act as a temporary reservoir for FME and carbon during subduction.
The fore-arc mantle: a mixed source for arc magmas?
The Kohistan gem olivine data are used here as a firstorder proxy for slab-derived fluids that have percolated and reacted with the mantle wedge. The olivines are found in veins considered to have formed in a fore-arc setting near the 500 C isotherm (Bouilhol et al., 2009 (Bouilhol et al., , 2012 Fe is about 0Á01&; Sossi et al., 2015) that complement their heavy Zn isotope compositions (Pons et al., 2016) and support the hypothesis that they crystallized through reaction with an isotopically fractionated fluid.
Although Fe is considered to be relatively immobile in aqueous fluids, the large amount of chlorine and sulfur released during serpentinite dehydration can increase Fe solubility and mobility (e.g. Wykes et al., 2008; Hill et al., 2010) as testified by the analysis of Fe-rich fluid inclusions trapped in dehydrated serpentinites (up to 2 wt %; Scambelluri et al., 2015) . This provides evidence for the transfer of isotopically light Fe across subduction zones, in which Fe is complexed by chorine or sulfate anions (Hill et al., 2010; Debret et al., 2016b) . High chalcophile element (Cu and Zn) concentrations in some Kohistan gem olivines, in conjunction with isotopically heavy d
Zn signatures, also provide evidence for metasomatism by sulfate-bearing fluids (Pons et al., 2016) . However, the presence of carbonate associated with these gem olivines as well as their FME concentrations suggests that carbonate-rich fluids with sediment-like signatures are also important metasomatic agents. This is further supported by the Sr (0Á705626 > (Bouilhol et al., 2012) . These geochemical characteristics point to a vein-forming fluid with a mixed signature between sulfate Fig. 11 . Sketches illustrating the changes in the nature of slab-derived fluids across subduction zones. (a) Subduction system with two main episodes of metasomatism. At low pressure and temperature, sediment compaction and devolatilization enhances the slab-mantle interface and induces mantle wedge serpentinization. This episode is accompanied by significant transfer of carbon and its storage within the slab-mantle interface and mantle wedge. At greater depths, serpentinite dehydration releases a huge amount of hydrous and sulphate-bearing fluids. (b) Zoom of the deep part of the subduction zone. The release of fluids is mainly controlled by subduction isotherms; the warmer part of subduction (top of the slab, slab-mantle interface and mantle wedge) will release fluids earlier than the serpentinized oceanic lithosphere. This involves a change in the nature of slab-derived fluids that pass from carbonate-dominated to sulphate-dominated through subduction processes producing the complex signature of fluids in the sub-arc mantle region. and carbonate. Indeed, recent findings of eclogitic garnet (Bardane, Norway; Rielli et al., 2017) , formed through the interaction of slab-derived fluids and depleted mantle, or diamond-bearing fluid inclusions (Western Alps, Italy; Frezzotti et al., 2011) containing both sulfur-and carbonbearing phases, suggests that the transfer of sulfate and carbonate from the slab to the mantle wedge could be concomitant in subduction zones. Such complex fluid signatures suggest that there are at least two stages of fluid transfer from the slab to the sub-arc mantle: the first resulting in the storage of carbon within the cold parts of the subduction zone (e.g. fore-arc mantle and/or slab mantle interface) and the second in the destabilization and release of C-bearing fluids in conjunction with sulfate-bearing fluids at greater depths (Fig. 11b) .
CONCLUSIONS
Our study provides evidence for multiple episodes of carbon-bearing fluid transfer and the involvement of the fore-arc mantle as a temporary storage location for carbon. The ultramafic rocks of the Queyras Schistes Lustres complex record successive stages of carbonation and decarbonation during the onset of subduction. These are: (1) at LT, the percolation of C-bearing fluids from metasedimentary into ultramafic rocks results in the crystallization of Ca-carbonates associated with diopside, chlorite, antigorite and magnetite in the LT-blueschist unit. This episode is accompanied with a significant gain in FME, carbon and a decrease in d 56 Fe value in ultramafic rocks while no Zn isotope fractionation is observed; and (2) in the MT-and HT-blueschist units the progressive disappearance of Ca-carbonates suggests a switch from a carbon to a H 2 O-dominated system. This process results in the remobilization of carbon, FME and isotopically heavy Zn by fluids without significant modification of ultramafic rock d 56 Fe. Our results suggest extensive mobility of carbon, isotopically light Fe and FME during the early (LT) stage of the slab prograde path (i.e. before the slab reaches the 400 C isotherm). Such fluids are a potential metasomatic agent for the fore-arc mantle, which then acts as a temporary volatile reservoir. If dragged down to greater depth, the devolatilization of this area may supply both carbonate-and sulphate-bearing fluids to the source of arc melts, making the fore-arc mantle an important source for both elements in subduction systems.
